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The preparation of a plasma from substances stable under ordinary conditions 
can provide a steady s ta te  mixture of many reactive species.  Neutral and ionic 
fragments are formed from the original reagent as  a result of the high temperature 
and electron impact processes. The plasma involves a complex mixture of free 
radicals and ions in  different levels of excitation. The formation of different 
species a t  different excitation levels in  the plasma presents the possibility of 
different chemical reactions and products from a single reagent (c .f . , for example, 
ref. 1 ) . A study was made to devise a preparation of relatively pure reagents such 
as might be found in a plasma. A method in which the identity and excitation level 
of the reagent could be well known was desired. Ionic species have proven to be 
effective reagents , particularly in  liquid phase organic reactions. 

Many ionic species are readily formed by electron impact. The magnetron ion 
source is particul r l  suited for the formation of ions in large quantities with low 
energy electrons .2 ' Specific methods have been required for large currents of 
particular ionic species.  For example, a beam of protons has  been prepared from 
hydrogen- vturated titanium by using a n  electrical discharge along the surface of 
the metal. 
from a hot surface with a suitable work function such as  tungsten.' The preparation 
of polyatomic ions has been carried out in ion sources similar to those used in mass 
spectrometers by electron impact. Electron energies most effective for ionization 
are used, usually from 70-100 electron volts. Such energies are  much greater than 
the threshold required for iopization of most organic molecules a d  fragmentation 
results,  providing a mixture of many different ions.  The magnetron ion source 
provides a large current of ionizing electrons a t  low energies, and the resultant 
controlled ionization permits formation of plasmas containing selected ionic species.  

Ions have been made from the alkali metals by thermi ic emission 
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A dual-anode magnetron has been used for preparation of the ionic plasmas by 
electron impact. The usual magnetron configuration was modified, as shown in 
Fig. 1 , by the addition of a central anode. A heated tungsten filament, used a s  
the electron source, is placed between the two anodes a l so  in  a cylindrical surface. 
Electrons falling from this filament to the two anodes are provided with carefully 
controlled energies by placing the anodes a t  potentials only slightly above the 
appearance potential of the ion of interest. A magnetic field of approximately 500 
gauss is applied along the axis of the source. 

/2$ 
The outer cylinder of this source, which provides a plasma consisting largely of 

single ionic species and electrons, is a copper tube 7.5 c m .  in diameter and 10 c m .  
in  length as shown in Fig. I . An orifice 1 . 9  c m .  in diameter in the cylinder allows 
the extraction and study of the ions. The gas to be subjected to electron impact is 
passed into the magnetron through a 3 mm. tube on the opposite side from t h i s  
orifice. Copper cooling coils through which water circulates are wrapped around 
the outside of the cylinder. The central anode is a 1 c m .  steel  rod. The heated 
cathode is a tungsten filament 66 c m .  in length and 0 -76 mm.  (0.030 inches) in 
diameter, and is  drawn through insulated supports from one end to the other of the 
cylinder in  alternating strands so a s  to be midway between the concentric anodes. 
The tungsten cathode was heated with approximately 30 amperes of 60 volt a . c .  
current. 

In forming the cizsired plasma the ionizing gas  is passed into the source a t  
pressures of 5 x 10  
gas is known, the anodes a r e  placed a few volts above the necessary ionization 
potential, and the filament temperature is gradually increased until a collector 
placed a short distance outside the orifice indicates extraction of a strong current. 
Currents obtained with different anode potentials have been studied. If the ioni- 
zation energy involved is unknown, the above procedure may be followed to 
determine effective conditions for generation of the desired plasma. Filament 
current , gas pressure, and anode potentials all affect ionization of a specific gas 
strongly, and these parameters interact strongly during operation of the magnetron. 
The ions formed were identified in this work b y p a s s  spectrometric analysis with a 
radio frequency quadrupole mass spectrometer. 
was studied in  this way, nitrogen dioxide (Matheson, 99 .S%) , tetrafluorohydrazine 
(Air Products and Chemical Co. , Research Grade, 99+ %) , and oxygen difluoride 
(General Chemical Div. of Allied Chemical Co .) . 

to I x Torr. If the electron energy required to ionize the 

The ionization of three gases 

Extraction of the positive ion current when nitrogen dioxide was ionized in  the 
magnetron with anode potentials of 12.5 volts showed that more than 99% of the 
ions formed were NO2+. Less than 1% of the ions in the extracted current were 
NO*. With increasing anode potentials the amount of NO* increased. At 1 5  volts 
the beam contained approximately 5% of NO'; and a t  30 volts i t  contained 27% of 
NO'. With tetrafluorohydrazine ionization a t  anode potentials of 1 2  volts gave a 
plasma containing largely NF +, indicated by mass spectrometric analysis of the 
extracted ion beam in which &I% of the ions were NF *. The remaining species 
were NF+,and possibly a small quantity of NO+ from &purities 9 the initial 
material. With increase in anode potentials the quantity of NF in the extracted 
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current increased, similar to the effect  observed with nitrogen dioxide. Ionization 
of oxygen difluoride was studied a t  anode potentials of 13 volts.  The only positive 
ion detected was OF' which made up 76% of the ionic current extracted. Fluoride 
ion was also found; the negative ion was ca. 24% of the total extracted beam. 

DISCUSSION 

Magnetron Characteristics. - The concentric anode configuration of the 
magnetron used in these studies results in a markedly different electric field from 
that in the  standard magnetrons. The strong axial magnetic field a ids  in  efficient 
use of electrons for ionization, necessary in  view of the low electric fields present. 
Ion currents on the order of 1 milliampere can be extracted from the magnetron by 
potentials of 1 to 10 volts,  and i f  desired the flow of gas  into the magnetron can be 
adjusted so that the extracted current corresponds to almost complete ionization of 
the entering gas.  The anode potentials correspond to the maximum energy available 
from the ionizing electrons. With energies very close to the appearance potential 
of the desired ion the cross section for ionization is very low. This obstacle in 
forming a high concentration of ions i s  overcome in part by using a large electron 
current. Under typical operating conditions electron flow of 1 1/2 to 5 amperes 
to the anodes has  been observed. Use of a n  oscilloscope to observe the currents 
flowing in the magnetron has shown that large 60-cycle electron pulses flow to 
the anodes. A t  typical pressures (0.5 - I .  5 microns) the pulse duration is 1-10 
milliseconds; the pulse length increases with increasing pressure. These pulses 
briefly lower the anode potentials approximately 1/2 volt. 

Formation of NO2+ Plasma. - Previous studies of the ionization of nitrogen 
dioxide by elecgon impact, as ide from determinations of the ionization potential, 
showed that N O  was t predominant ion formed when electron energies of 40-70 

almost 90% of N O  was shown.UjdN0 ' varied from less  than 10% to perhaps 20% 
of the total ionic species ,  a s  estimafed from the mass spectrometric peak intensities. 
Monatomic and diatomic positive ions of both nitrogen and oxygen were also 
present. Eight different ionization potentials varying from 9.78 electron volts up 
to 18.87 electron volts have been reported for nitrogen dioxide. 915 
ionization potentials reported have been attributed to formation of the ion in excited 
electronic s ta tes .  

volts were employqd. 7 3  Altho h th possibility of forming a plasma containing 

The higher 

The use of lower energy electrons fo$ ionization in  this  work evidently prevented 
formation of significant quantities of NO . Reduction of magnetron anode potentials 
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from 1 2 . 5  to 11 .0  volts gave no further decrease in NO' concentration noted i n  
ions extracted. 
between 9.78 and 12.3 electron volts , however, indicates that several electronic 
s ta tes  may be present. 

The presence of some 6 reported ionization potentials lying 

In previous investigations the formation of fragment ions was atyibuted, a t  
least in  part, to thermal dissociation as a result of the hot cathode. The present 
results show that ionization in the magnetron occurs prior to dissociation and that 
higher electron energies can cause fragmentation. 

of the NF + plasma.demonstrates how the ionizing gas can be selected to avoid 
the formahon of undesired ions in certaiq cases .  Ionization of 
triflyoride has been reported to give NF2 a s  the major product.*' The parent ion, 
NF and the fragment NF" were also formed in significant quantities, hoyever. 
If.l%wer electron energies, slightly above the appearance potential of NF2 from 
nitrogen trifluoriqe, were used it appears likely that significant, possibly greater, 
quantities of NF would be formed because of the lower appearance potential of 
the latter ion  ana the rapid increase of ionization efficiency with electron energy 
near the appearance potential. In addition, fluorine atoms or possibly fluoride 
ions accompany the formation of.NF + from nitrogen trifluoride. The symmetrical 
structure of tetrafluorohydra ine i n d c a t e s  the possibility of preparation of a 
plasma containing only NF 'ions. The appearance potentials of ions from tetra- 
fluorohydrazine have been %etermined, and mass spectroscopic studies have been 
made showing the ionic composition obtained by ionization with electrons of 
moderate energy.17,18,19,20 

The formation of NF * with magnetron anode potentials of 1 2  volts, slightly 
below the published a p  garance potentials of this ion  from tetrafluorohydrazine, 
12.5 to 1 2 . 7  volts, 18,  $0 may indicate either the spread of electron energies in 
the magnetron or ionization of NF radicals, which may form by dissociation of 
parent molecules and which have ionization potential below 1 2  volts. 20 

oxygen difluoride with 70 volt electroqs showed the formation of the parent eak 

the neutral fragment OF was estimated a t  13.0 electron volts, from the parent 
molecule, 15.8 volts.  The magnetron anodes wfre therefore placed a t  I 3  volts, 
below the appearance potential reported for OF , 13.7 volts. Extraction of ion . 
current from the magnetron by means of externa? potentials and mass spectrometric 
analysis of the ions showed the presence of OF- and no other positive+ions. The 
negative ion F- was also observed, in quantities less than 1/3 the OF current. 
Thus, attempts to ionize oxygen difluoride may pJovide a plasma containing large 
quantities of fluorine atoms in addition to the OF and F- ions.  

Formation of NF + Plasma. - The use  of tetrafluorohydrazine in preparation 

monium 

2 

+ Preparation of OF Plasma. - M a s s  spectrometric studies of the ionization of 

for OFz+ in greater quantities than OF .21 The appearance potential of OF P from 
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